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SputteringThis paper presents the results of our investigations on the gas sensing performance of Pt/TiO2/SiC based ﬁeld
effect devices. The current–voltage characteristics of these Pt/TiO2/SiC sensors at 530 °C showed a clear shift
to lower voltages upon exposure to increasing hydrogen gas concentration. This indicates a reduction in the
metal-oxide interface barrier height, arising from the ﬂattening of the energy bands at the interface and can
be attributed to the lowering of the Pt work function due to absorption of hydrogen. The effective change in
barrier height Δφb for 1% hydrogen in air was found to be 125 meV. The thermal stability of the interfaces in
the Pt/TiO2/SiC devices was studied by Rutherford backscattering spectrometry (RBS). The RBS spectra of the
sample in as deposited and annealed conditions were compared and analyzed. The Pt/TiO2 and TiO2/SiC
layers showed a sharp interface with minimal inter-diffusion. The ﬁlm composition found to be stable even
after repeated testing by exposing to analyte gases. This was further conﬁrmed by X-ray photoelectron spec-
troscopy analysis of the samples.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Direct monitoring and control of combustion-related processes that
incorporate hydrogen and hydrocarbon gases require sensors in order
for them to operate reliably over extended periods, particularly where
temperatures may exceed 500 °C [1,2]. Catalytic metal-semiconductor
structures fabricated on SiC are the most promising for such applica-
tions. Incorporating a reactive metal oxide layers instead of the conven-
tional SiO2 insulating layer in-between the thin catalytic metal (Pt or
Pd) and the SiC substrate has been an area of continued investigation
[3–6]. The application of the reactive semiconducting metal oxide
layer is targeted towards increasing the sensitivity, selectivity and sta-
bility of the sensor towards the analyte gas. One such reactive semicon-
ducting metal oxide is titanium dioxide (TiO2), which has been widely
reported for use in gas sensing applications and is known to be stable
at high temperatures [7–9]. To date, numerous other materials havenofabrication, 151 Wellington
02 9655.
(S. Kandasamy).
.V. Open access under CC BY-NC-ND lbeen investigated as the interfacial sensing layer in SiC basedﬁeld effect
hydrogen and hydrocarbon sensors, among them are SnO2 [10], CeO2
[11], Ga2O3-ZnO [12], Ga2O3 [13], WO3 [14,15], and CoOx [16].
Nakagomi et al. earlier investigated the use of non-stoichiometric
titania in the form of a metal-semiconductor structure on a SiC sub-
strate using the conﬁguration Pt/TiOx/SiC, where they found that a
large voltage response of up to 3 V could be obtained by switching
the ambient from one containing very high concentrations of H2 gas
to one completely devoid of hydrogen and saturated with O2. Their
results were explained in terms of a simple model consisting of a re-
sistance and Schottky diode connected in series. The response varia-
tion in this case was attributed to a change in both barrier height
and series resistance; with the change in series resistance resulting
from a change in electrical properties of the TiOx layer under expo-
sure to hydrogen [17]. We also demonstrated the gas sensing perfor-
mance of a similar Pt/TiO2/SiC device utilizing stoichiometric TiO2 not
only towards controlled doses of hydrogen in oxygen containing am-
bient, but also towards propene gas [18]. More recently, Shaﬁei et al.,
investigated the effects of anodizing the TiO2 layer in such devices
[19].
Although the underlying operation principles behind these devices
are same, the physicochemical reactions occurring at the interface still
remain unresolved. For reliable long-term high temperature operationicense.
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faces becomes a critical requirement for their successive sensor deploy-
ment. The changes in the composition due to the inter-diffusion
between the layers can affect the Schottky barrier height of the device
and potentially lead to the degradation of the sensor characteristics.
Consequently, the objective of this work is to analyze the ﬁlm com-
position and understand the interfacial diffusion effects between
Pt/TiO2/SiC sensors using X-ray photoelectron spectroscopy (XPS) and
Rutherford backscattering spectrometry (RBS). In order to evaluate
the long term stability of the proposed devices, the interfaces (Pt/oxide
& oxide/SiC) in different conditions, which include as-deposited,
annealed (thermal treatment at 650 °C in air) and tested (exposed to
O2, H2 and C3H6 at 650 °C) have been compared and analyzed.2. Experimental details
The Pt/TiO2/SiC devices were fabricated on nitrogen-doped (1.56 ×
1018/cm3) n-type 6H-SiC wafers (Dow Corning, USA). An ohmic contact
was formed on the unpolished side of thewafer. The contact layers con-
sist of 100 nmthick Ti and 100 nmthick Pt,whichwere depositedusing
D.C. sputtering. On the polished side of the wafer the TiO2 layer was de-
posited by R. F. sputtering, to a thickness of 100 nm. The TiO2 ﬁlm was
deposited at a substrate temperature of 300 °C, with an applied RF
power of 50 W and working pressure of 0.13 Pa (50% Ar + 50% O2),
resulting in a deposition rate of 5 nm/min [20]. A Pt pad of approxi-
mately 1 mm in diameter and 100 nm in thickness was deposited on
to the TiO2 layer forming the Schottky contact. The schematic represen-
tation of the multilayered sensor structure is shown in Fig. 1.
The entire device was annealed at 450 °C for 4 h and then at 600 °C
for another 2 h to establish the ohmic contact and further heat treat-
ment of the deposited TiO2 layer in an ambient of air. The surface states
and chemical composition of the thin ﬁlms deposited on SiC was ana-
lyzed using XPS using an Al KαX-ray source in an ultrahigh vacuum sys-
tem (Kratos Analytical Inc., Manchester, UK) with a chamber base
pressure of ~ 1.33 × 10−7 Pa. The binding energy (BE) scale was cali-
brated by measuring reference peaks of Au 4f7/2 (84.0 eV) and of C 1 s
(285.0 eV) from the initial contamination of the surface. The Ar+-ion
beam of 2.0 keV energy, rastered over an area of 1 × 1 mm2, when op-
erated at a current density j = 3 μA/cm2. The interfaces (Pt/TiO2 and
TiO2/SiC) of the Pt/TiO2/SiC in various conditions (as deposited, annealed
and tested) were studied using RBS analysis at the Hope College Ion
Beam Analysis Laboratory with a 2.91 MeV He+ ion beam and a beam
current of ~15 nA. A Si surface barrier detector was ﬁxed at 162 ° to
the beam direction and calibrated with a mixed alpha source. RBS
spectra were accumulated up to a total charge of ~ 20 μC. Current–Fig. 1. Schematic conﬁguration of multi-layered sensor structure.voltage (I–V) characteristics were measured using a Keithley 2600 cur-
rent source meter.
3. Results and discussion
3.1. Electrical-gas sensing characteristics
Fig. 2(a) shows the current–voltage (I–V) characteristics of the
Pt/TiO2/SiC sensor at 530 °C when exposed to different hydrogen
gas concentrations in synthetic air. The device exhibits not only a con-
sistent lateral shift towards lower voltages when exposed to different
hydrogen gas concentrations, but also a change in the slope of the I–V
curves. Such an observation is typical for devices comprising a semi-
conducting oxide layer, and unlike those for devices based on insulat-
ing oxide layers such as SiO2.The barrier height at the Pt/TiO2
interface is assumed to be equal to the difference between the work
function of the metal and the electron afﬁnity of the metal oxide
semiconductor in air or equilibrium. The work function of the Pt
metal is reduced upon exposure to hydrogen, resulting in a lowering
of the barrier height, and as a consequence a shift to lower potential
in the I–V curves. A similar negative shift of the onset potential for
Pd-TiO2 Schottky diodes was proposed [21]. Based on the thermionic
ﬁeld emission conduction mechanism of Schottky diodes [22], the de-
pendence of the effective change in barrier height ΔϕB (at the
metal-oxide interface) on the H2 gas concentration is shown in
Fig. 2(b). Each data point was derived using the saturation current
obtained by extrapolating the linear portion of the I–V curve plotted
on a semi-logarithmic scale. The effective change in the barrier height
gradually increases, reaching saturation beyond H2 gas concentra-
tions of 0.5%. This saturation arises when the energy bands at the in-
terface have been completely ﬂattened. The resulting barrier height in
the ﬂat band condition is therefore understood as the difference in
the semiconductor work function and electron afﬁnity, in the absence
of surface states. The Δϕb value at which complete ﬂattening, and
hence response saturation, occurs was found to be 125 meV. When
the sensor was exposed to 1% H2 the barrier height reduced from
1.54 to 1.42 eV. The voltage-time saturation sequence, upon exposure
to H2 gas at 530 °C is shown in Fig. 2(c). The sensor response was
measured as a shift in voltage when the device was held at a constant
bias current of 9 μA. For hydrogen gas concentrations of 0.125, 0.25
and 0.5%, the corresponding voltage shifts observed were 70, 110
and 160 mV. The detailed dynamic response characteristics to differ-
ent concentration of hydrogen and propene gases over a temperature
range of 150 to 650 °C is presented elsewhere [18].
3.2. Material characterization
The surface and interfacial material properties of the devices prior
and post exposure to hydrogen gas were investigated using XPS and
RBS techniques. Firstly, the surface chemical state of the TiO2 thin
ﬁlms deposited on SiC was examined by XPS. Fig. 3(a) shows the
XPS survey spectrum of a TiO2 thin ﬁlm, revealing the presence of
Ti, O and some traces of C. Fig. 3(b) shows the photoelectron spectra
of Ti 2p. The spin–orbit components (2p3/2 and 2p1/2) of the Ti2p peak
are distinctly indicated at approximately 458.9 and 464.4 eV, corre-
sponding to Ti4+ in a tetragonal structure, with a separation of
5.5 eV between the two peaks. This is a typical characteristic of Ti4+
state in TiO2 [23,24]. The O 1 s spectrum as shown in Fig. 3(c) was
de-convoluted into two peaks at 530.1 and 532.1 eV which can be at-
tributed to the lattice oxygen Ti-O in TiO2 and hydroxyl groups re-
spectively, chemisorbed on the surface of the samples [25,26]. TiO2
surfaces have been well known for chemisorption, where surface de-
fect sites (oxygen vacancies) act as electron donors and are speciﬁc
sites for hydrogen adsorption. Chemisorption of hydrogen forms
ionic titanium hydride bonds Ti4+-H- after H2 dissociative adsorption
at these defect sites [27]. This leads us to believe that the selected gas
Fig. 2. (a) Current–voltage (I–V) characteristics of the Pt/TiO2/SiC sensor at 530 °C
when exposed to different hydrogen gas concentrations in synthetic air, (b) Relation-
ship between the effective change in the barrier height (Δϕb) and the H2 gas concen-
tration, (c) Hydrogen saturation sequence of the Pt/TiO2/SiC device at 530 °C.
Fig. 3. (a) XPS survey spectrum of TiO2 thin ﬁlm deposited on SiC, (b) Photoelectron
spectra of Ti 2p region, (c) Photoelectron spectra of O 1 s region.
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mechanism.
For reproducible and reliable operation of such Pt/TiO2/SiC struc-
tures, the stability of the metal/oxide and the oxide/semiconductor
407S. Kandasamy et al. / Thin Solid Films 542 (2013) 404–408interfaces are critical. Inter-diffusion between different layers at ele-
vated temperatures does signiﬁcantly affect the sensor performance.
In this study, the thermal stability of the Pt/TiO2/SiC device with
respect to inter-diffusion of different elements at the interfaces of
Pt/TiO2 and TiO2/SiC was characterized using RBS. The composition
of the as-fabricated sensing structure is used as a reference for com-
paring the changes in composition after annealing and testing. The
simulation software RUMP [28] was used to ﬁt the experimental
data presented with yield normalized to the incident beam current
to determine the thickness and composition of different layers in
the proposed Pt/TiO2/SiC structure. From the simulated RBS data,
the thickness of Pt and TiO2 were found to be approximately 130
and 45 nm, respectively. RUMP analysis indicated that the Ti to O
ratio of these ﬁlms is around 1:2. The results show that the TiO2
ﬁlms were of near stoichiometric composition.
The RBS spectrum of a Pt/TiO2/SiC sample in different conditions is
shown in Fig. 4. The sharp edges of the Pt signal in the backscattering
spectrum of the as-deposited sample in Fig. 4(a), indicates a pure PtFig. 4. RBS spectra of Pt/TiO2/SiC multilayer structure in different conditions (a) the ex-
perimental spectrum for as-deposited ﬁlm overlapped with the simulated spectrum
(b) Experimental spectra for annealed and tested ﬁlm structures.top layer with a sharp interface with TiO2 layer. Similarly interface be-
tween TiO2 and SiC layers also didn't show any signiﬁcant
inter-diffusion between the ﬁlm and substrate in the as-deposited
condition. Annealing the Pt/TiO2/SiC samples at 600 °C for 5 h
showed an observable variation at the interface between the Pt and
TiO2 layers. This is evident from the change at the trailing edge of
the Pt signal at channel number of around 820. Apart from that, no
signiﬁcant change in the spectrum between the as deposited and
annealed sample is observed. The testing of the Pt/TiO2/SiC device
consists of cycling the sensor under different thermal conditions
ranging from room temperature up to 650 °C for several days and ex-
posing the device to different gas concentrations (0–1%) of hydrogen,
oxygen and propene for a maximum of 30 min per cycle. The RBS
spectrum of the tested sample featured a further broadening of the
curve at Pt/TiO2 interface, whereas the TiO2/SiC interface showed
same variation as that of previously annealed sample. This can be ob-
served at a channel number of around 500, which represents the Si
edge. However, this change in the interface seems to have conﬁned
to a very small thickness of few nanometers. As the overall observed
inter-diffusion is minimal, it would have helped in stabilizing the sen-
sor performance to achieve good repeatability even after a number of
cycles of operation. Roy et al., [29] studied the thermal effects on the
interface of Pd/β -SiC devices, where annealing at 800 °C caused dete-
rioration of the interface due to substantial inter-diffusion at the Pd
and β-SiC interface. Similarly Chen et al., compared the interfacial
properties of Pd/SiC and Pd/SiO2/SiC devices using Auger electron
spectroscopy [30]. In that particular study, the presence of the SiO2
barrier layer might have helped in preventing the inter-diffusion be-
tween Pd and the SiC substrate. However changes in the surface prop-
erties of the Pd layer due to surface diffusion lead to changes in the
device's sensitivity to hydrogen. In our case the TiO2 layer prevents
the Si and C atoms from out-diffusion towards the surface and acts
as a diffusion barrier for the Pt thin catalytic layer. This certainly
helps in understanding the sensing performance of the fabricated
structure in terms of long-term stability.
4. Conclusion
High temperature gas sensing performance of Pt/TiO2/SiC based
Metal Reactive Oxide Silicon Carbide (MORSiC) devices has been in-
vestigated. A shift in the I–V characteristics of the Pt/TiO2/SiC sensor
towards lower potential upon exposure to H2 gas indicates a reduc-
tion in the metal-oxide interface barrier height, arising from the ﬂat-
tening of the energy bands at the interface. The effective change in
barrier height Δφb for 1% H2 in air was found to be 125 meV. The
RBS analysis of the devices after annealing and testing revealed min-
imal inter-diffusion at the Pt/TiO2 and TiO2/SiC interfaces. The pres-
ence of TiO2 layer in this structure might have helped in arresting/
minimizing cross-diffusion within these layers, and it is believed
that this serves to aid achieving stable sensing performance of the
sensor after repeated cycles of operation.
References
[1] J.B. Casady, R.W. Johnson, Solid State Electron. 39 (1996) 1409.
[2] P. Tobias, A. Baranzahi, A.L. Spetz, O. Kordina, E. Janzen, I. Lundstrom, IEEE Elec-
tron Device Lett. 18 (1997) 287.
[3] G.W. Hunter, P.G. Neudeck, M. Gray, D. Androjna, L.-Y. Chen, R.W. Hoffman Jr., C.C.
Liu, Q.H. Wu, Mater. Sci. Forum 338–342 (2000) 1439.
[4] S. Nakagomi, K. Okuda, Y. Kokubun, Sensors Actuators B 96 (2003) 364.
[5] S. Jacobsen, U. Helmersson, L. Ekedahl, I. Lundström, P. Mårtensson, A. Lloyd-Spetz,
Proceedings of Transducers’01, Munich, Germany, 2001, p. 832.
[6] A. Trinchi, W. Wlodarski, Y.X. Li, Sensors Actuators B 100 (2004) 94.
[7] W. Göpel, U. Kirner, H.D. Wiemhofer, Solid State Ionics 28–30 (1988) 1423.
[8] V.N. Mishra, R.P. Agarwal, Sensors Actuators B 21 (1995) 209.
[9] N.O. Savage, S.A. Akbar, P.K. Dutta, Sensors Actuators B 72 (2001) 239.
[10] G.W. Hunter, P.G. Neudeck, M. Gray, D. Androjna, L.Y. Chen, R.W. Hoffman, C.C.
Liu, Q.H. Wu, Mater. Sci. Forum 338–3 (2000) 1439.
[11] S. Jacobsén, U. Helmersson, L. Ekedahl, I. Lundström, P. Mårtensson, A. Lloyd-Spetz,
Transducers '01, 2001. 832 , (Munich, Germany).
408 S. Kandasamy et al. / Thin Solid Films 542 (2013) 404–408[12] A. Trinchi, K. Galatsis, W. Wlodarski, Y.X. Li, IEEE Sensors J. 3 (2003) 548.
[13] A. Trinchi, W. Wlodarski, Y.X. Li, Sensors Actuators B 100 (2004) 94.
[14] S. Nakagomi, K. Okuda, Y. Kokubun, Sensors Actuators B 96 (2003) 364.
[15] S. Kandasamy, A. Trinchi, W.Wlodarski, E. Comini, G. Sberveglieri, Sensors Actuators
B 111 (2005) 111.
[16] E. Comini, A. Cusma, S. Kaciulis, S. Kandasamy, G. Padeletti, L. Pandolﬁ, G.
Sberveglieri, A. Trinchi, W. Wlodarski, Surf. Interface Anal. 38 (2006) 736.
[17] S. Nakagomi, H. Watanabe, Y. Kokubun, Electrochemistry 71 (2003) 394.
[18] S. Kandasamy, A. Trinchi, W. Wlodarski, E. Comini, G. Sberveglieri, Study of
Pt/TiO2/SiC Schottky diode based gas sensor, Proc of the IEEE Sensors, vol. 1-3,
2004, p. 738.
[19] M. Shaﬁei, A.Z. Sadek, C.W. Jerry, R. Yu, K. Arsat, X.F. Kalantar-Zadeh, J.G. Yu, W.
Partridge, Wlodarski, Proc. SPIE 7268 (2008).[20] E. Comini, G. Sberveglieri, M. Ferroni, V. Guidi, C. Frigeri, D. Boscarino, J. Mater.
Res. 16 (2001).
[21] N. Yamamoto, S. Tonomura, T. Matsuoka, H. Tsubomura, Surf. Sci. 92 (1980) 400.
[22] S.M. Sze, Physics of Semiconductor Devices, 2nd ed. Wiley, New York, 1981.
[23] J.F. Moulder, W.F. Stickle, P.E. Sobol, K.D. Bomben, Handbook of X-Ray Photoelec-
tron Spectroscopy, Perkin-Elmer Corporation, Eden Prairie, MN, 1992.
[24] L. Wu, J.C. Yu, X. Wang, L. Zhang, J. Yu, J. Solid State Chem. 178 (2005) 321.
[25] J.T. Yates, Lu Guangquan, A.L. Linsebigler, Chem. Rev. 95 (1995) 735.
[26] G. Lu, S.L. Bernasek, J. Schwartz, Surf. Sci. 458 (2000) 80.
[27] W. Gopel, G. Rocker, R. Feierabend, Phys. Rev. B 28 (1983) 3427.
[28] L.W. Doolittle, Nucl. Instrum. Meth. B9 (1985) 344.
[29] S. Roy, S. Basu, C. Jacob, A.K. Tyagi, Appl. Surf. Sci. 202 (2002) 73.
[30] L.Y. Chen, G.W. Hunter, P.G. Neudeck, G. Bansal, J. Vac. Sci. Technol. A 15 (1997) 1228.
